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Stereoselective Synthesis of 1’-α-Cyano Carbocyclic Pyrimidine Nucleoside 

Analogs via a Chelation-controlled 1’-α-Hydroxymethylation Strategy

Nicolas. G. Biteau,1 Mahesh Kasthuri,1 Dharmeshkumar Patel1 Ramyani De,1 Raymond. F. 
Schinazi,1* Franck Amblard.1*

1Center for ViroScience and Cure, Laboratory of Biochemical Pharmacology, Department of 

Pediatrics, Emory University School of Medicine, and Children’s Healthcare of Atlanta, Atlanta, 

GA 30322, USA. 

ABSTRACT: 

1’-α-Cyano nucleoside analogs have emerged as key structural motifs as antiviral agents. Due to 

their importance, we developed a novel stereoselective synthetic route to access 1’-α-cyano 

carbocyclic nucleoside analogs. The strategy relies on LDA-promoted chelation-controlled 

enolization, which favors a highly selective Si-face six-membered transition state with 

paraformaldehyde, delivering the exclusive 1’-α-hydroxymethylation product. This 

straightforward approach proceeds without the need for metal catalysts or additional promoters, 

highlighting its practicality and efficiency. The resulting 1’-α-hydroxymethylation intermediate 

enabled the synthesis of the desired 1’-α-cyano carbocyclic pyrimidine nucleoside analogs in a 

stereo controlled manner. This work represents the first example of such a selective and catalyst 

free access to these carbocyclic scaffolds.

Introduction

Modified nucleoside analogs have played a pivotal role in combating life-threatening viral 

outbreaks, including the recent COVID-19 pandemic caused by SARS-CoV-2.1 While widespread 

vaccination has markedly reduced global mortality and morbidity, direct-acting antiviral agents 

have been indispensable in treating infected and hospitalized patients. Among them, RNA-

dependent RNA polymerase (RdRp) inhibitors such as, approved nucleoside analogs Remdesivir 

(RDV)2 and Molnupiravir3 played a key role early on, despite some toxicity concerns,4 modest 

clinical benefit, and, in the case of remdesivir, restriction to hospitalized patients due to its 

intravenous administration. Our group recently reported the discovery and evaluation of 1′-
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cyanocytidine (CNC) and its 5′-isobutyryl prodrug (CNiBuC) as promising anti-SARS-CoV-2 

agents (Figure 1a). CNC is a nontoxic nucleoside analog that exhibits submicromolar inhibition of 

SARS-CoV-2 replication in multiple cell-based assays and significantly reduces viral RNA levels 

and lung infectious virus titers in a Syrian hamster model. Intracellularly, CNC is metabolized to 

its active 5′-triphosphate form (CNC-TP), which targets the viral RNA-dependent RNA 

polymerase. Interestingly, CNC-TP does not cause stalling of replication like RDV instead we 

observed reversible competitive inhibition and impaired processivity that substantially reduces the 

replication of the viral genome. We also demonstrated that the 1′-cyano group plays a key role in 

countering the viral proofreading mechanism. Remarkably, the presence of the 1′-cyano 

modification in CNC, introduces a substantial kinetic barrier to this exonucleolytic excision, 

enabling the analog to evade proofreading and sustain its antiviral activity.5 

On the other hand, carbocyclic nucleosides are a class of nucleoside analogs in which a methylene 

group replaces the furanose oxygen of the ribose or deoxyribose sugar. This structural modification 

confers enhanced chemical and metabolic stability by rendering the glycosidic bond resistant to 

cleavage by nucleoside phosphorylases and hydrolases.6 As a result, carbocyclic nucleosides can 

display improved intracellular stability and pharmacokinetic properties.7  Over the years, sustained 

efforts in the synthesis and evaluation of carbocyclic nucleoside analogs ultimately resulted in the 

approval of game-changer antivirals such as entecavir (HBV) or abacavir (HIV) (Figure 1a). Based 

on these observations, we hypothesized that synthesizing a carbocylic nucleoside incorporating 

CNC’s key structural feature, namely it’s 1’-CN group substitution, could further enhance its 

chemical properties and improve its overall antiviral efficacy. 
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Figure 1. (a) Known 1’-cyano-nucleoside inhibitors of SARCoV2 RdRp and FDA approved 

carbocylic nucleosides (b) Targeted 1’-cyano-carbocyclic nucleoside analogs (1-4).  

Results and discussion

While the synthesis of CNC was relatively straightforward via a key silver triflate-mediated 

glycosylation of a 1-CN,1-Br riboside intermediate,8 introduction of a cyano group at the 1’-

position of carbocyclic nucleoside has never been reported and only very few syntheses of 1’-

modified carba-nucleosides have been described.9 

In the ribose series, Matsuda and co-workers reported a highly stereoselective route to 1′-α-

phenylseleno-2′-ketouridine derivatives, which served as key precursors for samarium diiodide-

promoted aldol reactions. In their approach, reductive cleavage of the anomeric Se–C bond 

generated the corresponding samarium enolate, which underwent stereoselective condensation 

with aldehydes to furnish 1′-α-branched uridine analogs (Scheme 1a).10 Inspired by this strategy 

and considering the absence of an anomeric center in our carbocyclic scaffold, we hypothesized 
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that direct enolization with LDA followed by paraformaldehyde trapping could deliver α-selective 

functionalization at C1′ via a chelation-controlled transition state (Scheme 1b).

Scheme 1. (a) Previously reported stereoselective approach for 1′-α-hydroxymethylation of 2′-

keto-uridine. (b) Present work: Stereoselective route to 1′-α-hydroxymethylation of 2′-keto-

carbocyclic uridine.
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Accordingly, the starting 3’,5’-O-[tetraisopropyldisiloxane-1,3-diyl (TIPDS)]-2’-keto carbocyclic 

uridine 6 was prepared in 11 steps from (-)-Vince lactam 5.11 Treatment of 6 with LDA at −78 °C 

in THF, followed by addition of paraformaldehyde, afforded the desired 1′-hydroxymethylene-2′-

keto carbocyclic uridine 7 as a single anomer in 50 % yield. This yield represents the optimized 

outcome after systematic evaluation of different equivalents of LDA and paraformaldehyde, with 

the best result obtained using 8 equivalents of both reagents. At this stage, the stereochemistry of 
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compound 7 could not be confirmed by NMR and attempts to obtain a crystal structure were 

unsuccessful. Therefore, the synthesis was continued and compound 7 was subsequently acetylated 

to afford compound 8 in 73% yield. Interestingly, reduction of carbo cyclic intermediate 8 using 

NaBH4 in methanol at 0 oC afforded compound 9 in 76% yield as a single isomer, consistent with 

previously reported stereoselective reductions of ribose analogs (Scheme 2a). Compound 9 was 

finally protected by treatment with TBSOTf and 2,6-lutidine to furnish compound 10 in 86% yield.

With compounds 9 and 10 in hand, attempts were made to obtain crystals to confirm the 1’- and 

2’- stereochemistry of the compound. Unexpectedly, X-ray analysis of crystals obtained from 

compound 9 by slow evaporation from methanol revealed a structure corresponding to the 2′-O-

acetylated derivative A. Because the NMR of the compound 9 obtained after reduction was not 

compatible with the structure obtained via X-ray analysis, we hypothesized that the acetyl group 

migration12 from the 1′-hydroxymethylene substituent to the adjacent 2′-hydroxy group occurred 

under the crystallization conditions. (Scheme 2b). Despite this issue, the single-crystal X-ray 

structure of 2′-O-acetylated derivative A unambiguously confirmed the exclusive α-configuration 

of the 1’-hydroxymethylene substituent and the -configuration of the 2’-hydroxyl group obtained 

during the NaBH4 reduction. In addition, the stereochemistry of fully protected compound 10 was 

confirmed by NOESY experiments, in which clear NOE correlations between nucleobase-H6 

proton and carba-sugar H2’ protons were observed, validating the 1’- and 2’-stereochemistry of our 

intermediates (Scheme 2b).

Scheme 2. (a) Synthesis of compound 10. (b) Structural determination: Single crystal X-ray 

structure of 2’-O-acetylated derivative obtained from compound 9 and NOE correlations observed 

for compound 10.
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Regarding the completely stereoselective 1′-α-hydroxymethylation, we postulated that the 

paraformaldehyde approach could occur either from the Re face or from the Si face of enolate 11 
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(Figure 2). While a Re-face attack would lead to an unfavorable transition state (13), due to steric 

repulsion with the 5′-methylene moiety, a Si-face attack would allow the formation of a favorable 

six-membered transition state (12), likely dictating the stereochemical selectivity. 
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Figure 2: Hypothesized transition state for the stereoselective hydroxymethylation of 

compound 6

The targeted 1’-CN carba-uracil nucleoside (Carba-CNU -1) was finally obtained from compound 

11 by first, treatment with NH3 in MeOH to afford 1’-α-hydroxymethylene derivative 14, followed 

by oxidation using Dess-Martin periodinane (DMP), hydroxylamine addition subsequent 

dehydration with NaOAc/Ac2O to give 1’-CN intermediate 16. Final hydroxyls deprotection with 

TBAF afforded Carba-CNU -1 in 80%. On the other hand, the targeted 1’-cyano carbocyclic 

cytidine analog (Carba-CNC -3) was synthesized by reacting Carba-CNU -1 with Ac2O and 

pyridine to afford tri acetylated compound 17 followed by conversion to the 4-triazolo intermediate 

19 using POCl₃ and 1,2,3-triazole in the presence of Et₃N. Subsequent treatment with NH₄OH and 

final deprotection with NH₃/MeOH furnished Carba-CNC-3 in 22% yield (Scheme 3).

Scheme 3: Synthesis of 1’-cyano carbocyclic pyrimidine nucleoside Carba-CNU -1 and 

Carba-CNC -3 
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In order to compete with natural nucleotides during viral RNA synthesis, nucleoside analogs must 

be activated by cellular kinases into their triphosphate forms.13 However, inefficient first 

phosphorylation often limits their antiviral efficacy, particularly when non-ribose sugars (such as 

carbocyclic analogs) perturb sugar conformation and reduce kinase recognition.14 To address this 

metabolic bottleneck, we adopted a commonly used phosphoramidate prodrug strategy, as seen in 

approved drugs such as sofosbuvir or remdesivir.15 The lipophilic phosphoramidate moiety 

enhances cellular uptake and is enzymatically cleaved inside the cell to release the monophosphate 

intermediate, thereby bypassing the rate-limiting kinase step and enabling more efficient formation 

of the active metabolite.16 Thus, the corresponding phosphoramidate prodrugs 2 and 4 were 

synthesized in 7% and 13% yields respectively by treating either Carba-CNU -1 or Carba-CNC -

3 in the presence of tert-butyl magnesium chloride and isopropyl ((S)-(perfluorophenoxy)-

(phenoxy)phosphoryl)-L-alaninate in THF at 0 °C (Scheme 4)

Scheme-04: Synthesis of phosphoramidate prodrugs 2 and 4
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Unfortunately, unlike CNC, which demonstrated potent dose-dependent anti–SARS-CoV-2 

activity with EC50 values ranging from 0.6 to 2.1 μM across various tested cell lines,5 neither 

Carba-CNU -1, Carba-CNC -3, nor their corresponding phosphoramidate prodrugs 2 and 4, 

displayed antiviral activity against SARS-CoV-2 in Vero, Calu-3, and Caco-2 cell lines when 

tested up to 10 µM. Furthermore, compounds 1–4 were also screened against influenza A and B, 

Norovirus, Respiratory syncytial virus (RSV) and did not show any inhibitory activity at 

concentrations up to 40 μM (Supporting Information, Table 9). While replacement of the oxygen 

in the sugar ring by a methylene group improves the overall stability of what used to be the 

“glycosydic” bond, it can also lead to major conformation changes.7 Indeed, the anomeric oxygen 

normally provides stabilizing gauche interactions with the 2’- and 3’-hydroxy groups, which are 

essential for maintaining the preferred sugar puckering in either the C2'-endo/C3'-exo (South) or 

C3'-endo/C2'-exo (North) forms. While both forms are known to be essential for antiviral 

activity,17 the loss of these gauche interactions in carbocyclic nucleosides 1-4 may have led to a 

different and less preferable conformation. Using QM Conformer and Tautomer Predictor module 

within the Schrödinger Suite, we generated the low-energy conformers of CNC and Carba-CNC -

3 and compared their conformational landscapes.18 This study revealed that CNC preferentially 

adopts a C2'-endo/C3'-exo (south) conformation, representing the lowest-energy structure among 

80 predicted conformers, whereas Carba-CNC might exhibit its minimum-energy state in a 1′-exo 
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conformation (Figure 3), a conformation that could be associated with loss of activity in 

carbocyclic nucleosides. This difference in preferred sugar puckering between the two compounds, 

may represent one of the structural factors contributing to the observed loss of antiviral activity.

 

O
HO N

N

NH2

O

CN
OH OH

HO N

N

NH2

O

CN
OH OH

CNC

Carba-CNC 3

C2’-endo/C3’-exo (South) conformation

C1’-exo conformation

N

HO

HO

OH

O NHO

HO
OH

N

O

NH2

N
O

NH2

N

N

Figure 3: Semiempirical and DFT-based geometry optimizations: CNC favors a C2’-endo 

conformation while Carba-CNC 3 favors a C1’-exo conformation.

Conclusion

In summary, we report the first synthesis of 1′-α-cyano carbocyclic nucleoside analogs (1–4) via 

a practical and stereoselective LDA-promoted, chelation-controlled enolization strategy. This 

approach proceeds through a highly selective Si-face six-membered transition state with 

paraformaldehyde, affording the exclusive 1′-α-hydroxymethylation product without the need for 

metal catalysts or external promoters. Unfortunately, compounds 1-4 showed neither antiviral 

activity nor cytotoxicity in Vero, Calu3, or Caco2 cells when tested up to 10 µM. A comparative 

conformational analysis between CNC and Carba-CNC 3 revealed that Carba-CNC 3 might 

preferentially adopt a low-energy 1′-exo conformation, which may underline its lack of antiviral 

activity. The scope of this approach and its extension to other relevant electrophiles are currently 

being evaluated and will be reported elsewhere.
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